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Abstract 
A simplified method is used to calculate the Rate of Heat Release (RoHR), some notice details are 
considered. The data is smoothed to get the final curves, we analyze the parameters of original formula of 
Wiebe and they are fitted the well except several cycles. Not all the cycles are conformed to the complete 
premixed combustion characteristics. We get several cycles to distinguish the factors of premixed 
combustion and diffusion combustion in HFPDE, a parameter J is quoted to describe the possibility of 
diffusion combustion. And then we analyze the working process of HFPDE based on the characteristics of 
the curves. Fortunately, we find that the stability of ignit ion can be improved by changing the fuel injection 
time appropriately. Finally, we find the most suitable fuel injection quality of HFPDE, and the optimum 
proposals are presented. However, the specific method to reach the goal and internal cause of RoHR 
characteristics are not given. 
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1. Introduction 
The single piston hydraulic free-p iston diesel engine (HFPDE) is a complex mechanical-electro-liquid 
system, which consists of three parts: a combustion cylinder, a load device, and an accumulator of energy. 
The HFPDE is easier to accurately control the amount of energy that put into the compression process  and 
thereby regulating the compression ratio and stroke length  by the rebound device. The princip le of 
HFPDE is shown in figure 1, and the specific description can be obtained in literature [1]. Because of the 
special advantages of HFPDE, it makes the research prosperous. In this paper, we study the single-piston 
HFPDE, and utilize the actual measurement of indicator diagram and the  CFD simulat ion of air-flow in-
cylinder to calculate the heat release regularity of HFPDE. Moreover, the Wiebe model is used to fit the 
 
* Corresponding author. Tel.: +86 1068912295; fax: +86 10689 12514. 
E-mail address: zhzhf@bit.edu.cn. 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of ICAE2014
2506   Shuanlu Zhang et al. /  Energy Procedia  61 ( 2014 )  2505 – 2508 
heat release rate regularity of HFPDE and the proper parameters are obtained. Then the impact factor of 
heat release rate regularity is analyzed and the optimum proposals for HFPDE are presented.  
2. HFPDE simplified model and Notice details of heat release rate computing 
The internal combustion engine of the HFPDE is a two-stroke diesel engine with uniflow scavenging 
and direct fuel injection. Its bore is 98.5mm, the stroke is 114~117mm and the compression ratio is 
changeable. The simplified model of hydraulic free-piston diesel engine is shown in Fig.1 (a). Here we just 
concentrate on the progress in-cylinder, the each state point is shown in figure.1 (b). 
Further illustration should be mentioned, in  figure .2. (a), it is obvious that the temperature in-cylinder 
decreases because of the diffusive combustion and rapid compression. In the CD section, the reason of 
temperature decreases is that the exhaust value opens. In this case, we only concern about the mixed 
burning gas in-cylinder rather than the scavenging process. Moreover, the injection time and quantity of 
fuel affect the process of combustion heavily. Actually, the fuel in jected into the cylinder can’t combust 
at once. There is a combustion ignition delay period after inject ion, which leads to the rapid combustion 
after the abundant mixture of fuel and air. During the premixed combustion process, the fuel absorbs a 
mass of heat while the heat transfer is still proceeding, which cuts down the outward heat transfer. The 
specific process is shown in  figure .2. (b) .In this figure, pots F, C and  D correspond to the motion of the 
piston. Although the heat transfer is complex in  the a-b-c section, we can simplified the model as heat 
transfer of homogeneous mixed gas, namely  the accumulated flow of fuel injection is linear during a -b 
section, and it is constant in b-c section. We simplified the computing model in-cylinder limit to F-C 
section. The heat release of combustion gas divides into 3 parts: F-a, a-c, c-C, where a stands for the fuel 
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Fig. 1. (a) the schematic of HFPDE; (b) the simplified working process of HFPDE 
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Fig. 2. (a) the combustion progress in-cylinder of HFPDE; (b)fuel injection factor in combustion 
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injection time and c means the ignition time. However, b is decided by the fuel injection pulse width, 
which is heavily affected by the performance of injector and control strategy. This process is shown in 
figure .2.(b) .The fixed step size formula based on the first law of thermodynamics . 
In literature [2], A.J. Achten et al compared the Innas HFPDE with the conventional engine, and they 
found that the combustion speed of HFPDE is faster than the conventional engine. Actually, the heat 
transfer case is also different, so we choose the Hohenberg model. In this model, all parameters can get 
directly except mean speed of the gas ( mC ). Actually, mC concludes the gas forced speed caused by the 
piston moving and combustion rate. All these factors can be calculated in CFD package. What’s more, the 
specific heat ratio (k) affects the accuracy of results . Because of the great  change of temperature, specific 
heat ratio changes largely [3]. In fact, the instantaneous access air coefficient ( )D  affects the specific heat 
ratio as well during the combustion section. So the method should be improved. 
3. Results and discussions 
We use the fixed step size formula based on the firs t law of thermodynamics to get the heat release rate 
results. Then we use the double Wiebe model to fit the data. The double Wiebe model is fitted better and 
about 70% of the fuel is burned during the premixed section [3]. So we get the conclusion that the remixed 
combustion is the main  combustion mode in HFPDE case. To analyze the influence factors of heat release 
rate, we take four cycles randomly and find that the tendency in fig. 3. (a). Actually, different cycles have 
the different TDC and maximum value of heat release rate. The Aa, Bb, Cc and Dd correspond to the 
different TDC and maximum value of heat release rate in different cycles. The area of heat release rate 
above the zero line reflects the released energy of fuel, which affects the power perfor mance of HFPDE. In 
fact, higher heat release rate doesn’t correspond to higher area formed by the curve and zero line.  
Maximum heat release rate corresponds to the tendency of the dip angleT and the biggerT  is the larger 
maximum value of heat release rate is, which leads to lower value of heat release rate during expansion 
process. Actually, the remixed combustion ends almost when the heat release rate decreases to subzero. It’s 
negative to the combustion and piston movement. Actually, a parameter can be established in the 
expansion progress. Based on the first law of thermodynamics, it is written as 
/ ln/ = tan
/ ln
dp dV dp p d pV p
dt dt dV V d V
J T                                                                                                      (1) 
  Actually, in figure.3.(b) we know
 
the cycles that have smaller T  indicates that /pdV dt will be 
predominant, so decreasing |J| can improve the diffusive combustion condition. Compared with th e 
conventional engine, HFPDE has bigger |J| for its rapid expansion characteristics, it exists a cutoff ratio 
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Fig. 3. (a)  heat release rate in different cycles; (b) piston velocity in different cycles 
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period in convention engine and the |J| get a limit value, the parameterT equals zero. If we want to get 
diffusion combustion character, we should increase /dV V or decreasing /dp p properly. However, it can’t  
be implemented directly. So we should analyze the specific RoHR from an overall perspective. 
Finally, we get the conclusion that the higher rate of volumetric change after TDC leads to bigger |J|, 
which is not beneficial to diffusion combustion. The pump chamber pressure prevents the piston from 
moving to the BDC (bottom dead center) and it makes less contribution to decrease the rate of volumetric 
change. It will not postpone the piston movement. However, the |J| only improved in the 190th cycle and 
the diffusion combustion is good relatively. To improve the RoHR performance of HFPDE, the effect ive 
way is add a high pressure transition after TDC. However, it is limited by the balance of energy, and the 
pressure in pump chamber can’t be too high. In fact, higher fuel injection quality leads to sudden rise of 
pressure which will result in bigger tan T or |J |. We calculate the RoHR by the first law of thermodynamics 
and it is called the apparent heat release. The heat release may occur during the rapid expansion but it 
doesn’t make a contribution to the power output. In addition, if the fuel injection quality increases 
immoderately, the redundant fuel not only makes less contribution to the power output but also worsens the 
combustion. So there is a best allowable value of fuel injection quality in a specific HFPDE. 
x Common rail can be used to reduce the responding time of injection and fuel injected into the cylinder 
should be preheated by the exhaust gas or other medium to decrease ignition time delay. 
x The most suitable fuel injection quantity range should be selected by the characteristics of the HFPDE 
engine. 
x Improving fluctuation of the cycle fuel in jection quantity is necessary for controlling the TDC position. 
4. Conclusion 
A simplified method is used to calculate the RoHR, some notice details are considered. The data results 
are smoothed to get the final curves and fitted curves, we analyze the fitted curves and not all the cycles are 
conformed to the premixed combustion characteristics. Then we use a parameter J to describe the 
possibility of diffusion combustion. And then we analyze the working process of HFPDE based on the 
characteristics of the curves  and find that the diffusion combustion can be improved by changing the fuel 
injection quantity appropriately. Finally, the optimum proposals are presented.  
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